Multiple modes of atomization in electrosprays are affected by viscosity, surface tension and electrical conductivity of the semiconductor nanosuspensions. While the effect of gravity is dominant in the dripping mode, the electric field degenerates the electrospray mechanism into a microdripping mode that can potentially allow the deposition of semiconductor nanodots on a substrate. Drop size and frequency of droplet formation are obtained as functions of non-dimensional parameters, which agree well with experimental data. The analysis shows that it is possible to produce the desired size and frequency of ejection of monodisperse droplets by manipulating the electrode voltage for any nanosuspension.
electrospray of low viscosity fluid, the process depends on two non-dimensional parameters: normalized flow rate and electric Bond number which is a measure of the square of the voltage. The current paper deals with the inception of a viscous droplet in the dripping regime as well as the microdripping regime. Hence, the relevant non-dimensional parameters that will be discussed include electric capillary number (similar to electric Bond number used in 23 ), viscous capillary number and Bond number.
In our early work 16 , low viscosity suspension of capillary number (Ca) of 0.1 or less were used. Therefore, the viscous effect is not significant to include Ca as a parameter, and drop size and frequency could be plotted as a simple function of electric capillary number (Ca e ), Bond number (ratio of gravity to surface tension force) was not explicitly considered. In this paper, a more detailed theoretical analysis will be reported. This paper focuses on high viscosity suspensions of 0.03 < Ca < 0.4 with high electrical conductivity. For these suspensions, the viscous effects become important and affect the conical meniscus. Here, in addition to the interfacial, gravity and electric forces, viscous force will play a decisive role in the non-dimensional analysis. Experimental results for droplet diameter and drop frequency will be presented in terms of a unique combination of relevant non-dimensional parameters such as electric Capillary number, viscous Capillary number, and Bond number that are derived from a simple force balance. Correlation will be developed for non-dimensional radius and frequency of emission of droplets in terms of the non-dimensional group Ca e /[Bo(1 + Ca)] 0.5 .
Results
The experiments were performed for a number of suspensions with a wide range of physical properties, voltages from 0 to 5000 V ( Table 1 ). The presence of semiconductor nanoparticles inside the droplets, particularly the electrical conductivity of the nanomaterials, will influence the transition of the microdroplet modes. Experiments were carried out at low flow rates corresponding to Stokes flow to investigate the modes of nanosuspensions in laminar electrospray of droplets.
Electrospray in the dripping mode has negligible inertial and viscous effects 24, 25 , while in the microdripping mode the viscosity affects the conical meniscus at the tip of the capillary tube from which the droplets are detached. Both modes are inherently quasi-static for a constant flow rate of the suspension into the capillary tube. In addition, a fluid of higher viscosity has the advantage of decreasing the jet diameter 26 . The droplet grows to a steady-state size and detaches from the tube, and this process repeats in a periodic manner to ensure the discharge of droplets at a certain frequency. The droplet radius observed in this study is between 1.3 mm-0.65 mm in the dripping mode and 74 μm-150 μm in the microdripping mode. The droplet formation rates are measured between 0.2-1.5 droplets per second in the dripping mode and 100-650 droplets per second in the microdripping mode, respectively.
In the dripping mode, the droplets are formed from a hemispherical or ellipsoidal meniscus, while the electric field-induced stretching of the fluid develops a conical meniscus called the Taylor cone. A neck develops between the meniscus and a pendant liquid filament at the end, which becomes thinner with time and eventually collapses releasing a droplet. This droplet ejection process is periodic and monodisperse. Figure 1 compares the growth of the conical meniscus due to the presence of electric force in the microdripping mode both in low viscous and high viscous suspension. Here, the conical meniscus and hence the ejected droplet are relatively small, as is the gravity force. For the high viscosity fluid, the electric force stretches the liquid to form the meniscus and the liquid filament, while the viscous friction prevents the elongation of the liquid filament, and the surface tension force first resists the formation of this pendant filament, but once the droplet is detached, the restoring force of the capillary effects turns the spindle-shaped liquid filament into a spherical droplet. The relative influence between the viscous and interfacial force is seen when the capillary number increases in the microdripping mode. In contrast, the velocity is lower in the dripping mode and the evolution of the ellipsoidal meniscus is weakly influenced by the lower capillary number. Thus, the effect of viscosity is minimal in the dripping mode, however, in the microdripping mode, the droplet size increases slightly with increasing viscosity and the apex of the meniscus stretches more in highly viscous suspensions ( Fig. 1 ). Viscosity affects the shape of the cone by resisting its deformation and thus promotes a stable microdripping mode. www.nature.com/scientificreports www.nature.com/scientificreports/ In general, the capillary forces increase the neck radius to minimize the curvature of the liquid-air interface, while the gravity and electric force stretch the interface until they balance the viscous friction and capillary force. For all 9 suspensions ( Fig. 2 ), the droplet diameter in the dripping mode decreases up to ≈ 2000 V, but with a wide scatter. From this point to ≈ 3000 V, depending on the suspension, the droplets are either in dripping mode or microdripping mode. This regime between the dripping and microdripping modes is characterized as mixed mode. Otherwise, for a given suspension and a set of physical properties, dripping mode smoothly transitions into microdripping mode where the radius can be as low as 0.1 times the original radius. The scatter in the data continues to be high for these suspensions in both modes.
The frequency of droplet formation increases with higher electric voltages ( Fig. 3 ). This frequency is influenced by the formation of the conical meniscus, which occurs at different voltages for different suspensions, i.e., at 2500 V for Si, 10 wt% in DI water and 3500 V for SiC, 10 wt% in DI water. This is also the reason for different frequencies of droplet formation at a given voltage for different suspensions. For example, for the above two suspensions, 200 and 650 droplets per second are ejected from the capillary tube respectively at 4000 V. The frequency changes abruptly at the transition between dripping and microdripping mode. Fluids with high capillary number tend to have lower frequency at a given electric capillary number due to viscous effects. As in the case of droplet radius, the frequency data also displays a large scatter, which provides motivation to find non-dimensional parameters to minimize the scatter in both droplet radius and frequency. www.nature.com/scientificreports www.nature.com/scientificreports/ nondimensional analysis. Scaling laws have been proposed by 7, 23, 27 to predict the size and charge of the emitted droplets. In this work, since the scatter is high in the raw data, proportionality relations are needed, which can be useful to designers especially since microdripping occurs in a very narrow range of voltage for a wide range of fluids with different physical properties. In the steady cone-jet mode, the meniscus can be assumed to be in stable quasi-conical shape from where a thin jet is ejected, which then breaks up into droplets due to capillary and viscous forces.
Since both dripping and microdripping modes are inherently quasi-static for a constant flow rate, a simple steady-state force balance can be applied at the onset of detachment to obtain relevant parameters. These parameters can then be grouped to arrive at a single parameter which can be used to plot all the data for the 9 suspensions with different properties as given in Table 1 . The intent is to develop non-dimensional parameters to plot the data with limited scatter and use these parameters in both dripping and microdripping regimes. Therefore, an assumption is made that the process of droplet detaching from the capillary tube repeats in a periodic manner to ensure the discharge of droplets at a certain frequency. The forces present on the droplet at the onset of detachment from the meniscus are: the hydrodynamic forces, i.e., viscous, and interfacial forces; the gravitational force and the electric force. The force balance is applied, which is valid for either the ellipsoidal and conical meniscus, i.e., dripping and microdripping mode. However, different conditions must be applied for each mode which may include some empiricism, thus, yielding different expressions that estimate normalized droplet radius as a function of non-dimensional parameters for each regime.
The electric force, F Electric , is estimated to be 2πr 2 ε 0 ε r E 2 (see Appendix for details) where r is the radius of the droplet; ε 0 , ε r and E are the electric permittivity of vacuum, characteristic relative permittivity of each aqueous suspension, and the externally applied electric field. The gravitational force is F Gravity = 4πr 3 ρg/3, where ρ and g are the fluid density and gravitational acceleration. Although the electric and gravitational forces are initially pulling on the elongated filament, at the inception of the drop, the radius of the filament becoming a droplet has been used to estimate the two forces.
The electric and gravitational forces are resisted by the interfacial and viscous forces. The surface tension force restores the deformed droplet into a sphere. This interfacial force, F Interfacial is estimated to be 2πwγ, where 2πw is the circumference of the meniscus in the neck area and γ is the surface tension. w = f ⋅ r, where f is Harkins correction factor for the range of droplet size in the current experiments, following 25, 28 . The Harkins correction factor is obtained as 0.194 from Fig. 4 , which allows the results to be obtained within 10% error.
The viscous force is estimated as follows. The viscous force is the shearing force at the neck of the hanging liquid mass that depends on the liquid viscosity, μ, the rate of shear strain, and the surface area produced by the arc length of liquid neck (2πr) and a characteristic viscous length, l. The shear rate (∂u/∂y) is scaled as (u c /l). Thus, the viscous shearing force is F Viscous = μu c 2πr 29 . At the onset of detachment from the meniscus, according to Hijano et al. 23 , the time can be scaled by the capillary time and the distance by the dropsize, r 0 , at E = 0. The capillary time is t r ( / ) Note that the length scale used by Hijano et al. 23 was the needle diameter. In this paper u c is estimated by considering an energy balance between inertia and surface energy per unit area, which yields:
where r 0 is the radius of the largest droplet for E = 0. A simple force balance for the droplet at the time of ejection, where the correction factor was empirically found to be f = 0.194 (Fig. 4) . The values of r 0 calculated using equation (6) and determined from experimental data are listed in Table 1 . Now the normalized drop size, (r * = r/r 0 ) is obtained from Eq. (6) which becomes 
Next, the number of emitted droplets from the meniscus is estimated to be N d = 3Q/4πr 3 and is normalized as
. Thus, ⃰ N d for dripping and microdripping mode is determined as follows, Note that the force balance contains four different forces where the gravity force is given as an exact term, and a correction factor f is introduced for the interfacial force. However, the other two forces, i.e., electric and viscous, represent estimated expressions. To account for these approximations, δ 1 and δ 2 are introduced as correction factors in Eq. (12) through (15) , and are found based on the experimental data for nine suspensions of varying viscosities and electrical conductivities over a wider range, tested by increasing the voltage. Due to the simplicity of the force balance, these expressions should be viewed as correlations based on a unique combination of non-dimensional parameters, Ca e / + Bo Ca (1 ) . For low viscosity suspensions and constant Bo, the normalized drop radius and frequency are functions of electric capillary number, called as electric Bond number by Hijano et al. 23 .
In the microdripping mode, an increase in voltage increases the electric field and causes a change in the shape of the meniscus and ejects smaller droplets at a higher frequency of emission. Therefore, the normalized radius is an inverse function of Ca e . With increase in viscosity, i.e., capillary number, Ca, the normalized radius increases as (1 + Ca) 0.5 . For low viscosity suspensions, (1 + Ca) 0.5 ~ 1. The normalized frequency has the opposite effect in that it increases with the electric field, i.e., Ca e and is inversely proportional to (1 + Ca) 0.5 . Since the suspensions have been tested for a wide ranging viscosity with an order of magnitude increment, it is important that the frequency has been derived to be inversely proportional to (1 + Ca) 0.5 which again reduced to ~ 1 for low viscosity suspensions.
Data analysis. The analysis provided in equations (12) through (15) fit the data well ( Fig. 5) ⃰ N d is almost linear with reduced scatter (Fig. 6 ) and compares well with the expressions in equations (14) and (15) .
Thus, the dimensional droplet radius and frequency of droplet formation for different suspensions obtained from experiments spread over a wide band as a function of voltage ( Figs. 2 and 3) . The spread in the data can be collapsed into single curves with minimal scatter by employing convenient non-dimensional parameters (Figs. 5 and 6) as it has also been achieved for analogous problems 30 . The analysis also shows that the radius is linearly Scientific RepoRtS | (2020) 10:4405 | https://doi.org/10.1038/s41598-020-61323-5
www.nature.com/scientificreports www.nature.com/scientificreports/ decreasing with respect to this parameter in the dripping mode (Eq. (12)) and has an inverse relationship in the microdripping mode (Eq. (13) ). Based on the non-dimensional plots of the experimental results in Fig. 5 , we are able to determine the correction factors δ 1 and δ 2 for the dripping and microdripping modes respectively. The non-dimensional frequency of droplet formation also predicts the experimental results well as shown in Fig. 6 for the same values of δ 1 and δ 2 .
Discussion
A regime map is provided for identifying the limits of a non-dimensional parameter to operate an electrospray process in the microdripping mode that generates uniform monodisperse microdroplets. An increase in nanoparticle concentration increases the liquid viscosity, which dampens the growth of perturbation and delays the jet breakup in the microdripping mode. However, viscous effects are not seen to be significant in determining the dropsize in the dripping mode. The effect of the physical properties on the droplet size and frequency of droplet formation is more precisely described by the relative influence of all the acting forces. Dimensional analysis has yielded a parameter, Ca e / Bo Ca (1 ) + which accounts for all the acting forces. Results for nine suspensions with a wide range of viscosity show that the non-dimensional droplet radius can be correlated using this parameter in both dripping and microdripping modes. The same parameter also correlates the normalized frequency of droplet www.nature.com/scientificreports www.nature.com/scientificreports/ formation as an increasing function in the microdripping mode. Viscosity affects the shape of the cone by resisting its deformation, thus promoting a stable microdripping mode. Reduction in surface tension decreases the drop size in dripping and microdripping modes. However, the capillary size and electrical conductivity have minimal effect on the size of the ejected droplets. Based on the analysis, it is possible to design the electrospray to produce uniform monodisperse droplets by manipulating the voltage at the electrode, for any desired nanoparticle concentration of a suspension.
Methods
Different amounts of surfactants and dispersants had to be added to stabilize the solution to avoid aggregation of nanoparticles. The amount of surfactant molar concentration and dispersant concentration for Si was 6mM and 0.4 g/L respectively; for SiC, the amounts were 8 mM and 1 g/L. The surfactant and the anionic dispersant used were sodium dodecyl sulfate (SDS) and poly-naphthalene sulfonic acid. The surfactants and dispersants changed the surface tension of the suspension as reported in Table 1 . The surface tension of the mixture of DI water and the same amount of SDS surfactant without the nanoparticles was measured to be the same as that with the nanoparticles.
Electrospray offers a viable method for the emission of small droplets from the detachment of liquid filaments deriving out of an elongated meniscus (Fig. 7a ) caused by the action of an electric force (Fig. 7b ). Patterning of the precursor suspension using the emitted droplets from the electrospray can be effected by moving the substrate at a constant speed (Fig. 7c) .
The experimental setup (Fig. 7a) consists of a syringe pump connected to a capillary tube, two electrodes, and a high-voltage power supply. An electric field is applied between the stainless steel capillary tube of inner and outer radii, R i = 0.255 mm and R 0 = 0.41 mm respectively, and a copper disk (extractor electrode) and an aluminum substrate (collector electrode). The inner diameter, outer diameter, and thickness of the disk are 4.5 mm, 38 mm, and 0.5 mm, respectively. The tip of the capillary tube is situated at a distance H 1 = 4 mm above the copper disk, and H 2 = 74 mm above the substrate. The droplet size and the meniscus frequency, i.e., the formation rate of droplets, are obtained by processing the droplet images that are recorded with a high-speed camera operating at the frame rates of 2000-11000 fps and a spatial resolution of 5.5 μm/pixel. All suspensions were made by dispersing the semiconductor nanoparticles [silicon (Si), silicon carbide (SiC), and zinc oxide (ZnO)] in de-ionized water with a surfactant [sodium dodecyl sulfate (SDS)] and dispersant (sodium salt of poly-naphthalene sulfonic acid) and sonicating the resulting mixture for 1 hr at an ultrasonic frequency of 20 kHz. The physical properties of these suspensions are listed in Table 1 . All samples, especially those suspensions with high nanoparticle concentration (e.g., ZnO, 50 wt% in DI water), display shear thinning yield stress behavior at low shear rates. However, at relatively high shear rates, the hydrodynamic interactions between the dispersed particles and medium are predominant, leading to Newtonian behavior. The values of the shear rate for the occurrence of Newtonian flow was determined from experimental data on the relative viscosity vs. shear rate. The value at which the suspensions start to display Newtonian behavior was found to vary from 50 s −1 to 60 s −1 . Using the Hagen-Poiseuille flow model within the capillary tube,
where  γ and Q are the average shear rate and the volumetric flow rate of the suspension inside the capillary tube, respectively. The www.nature.com/scientificreports www.nature.com/scientificreports/ volumetric flow rate of 1.67 mm 3 /s was found to yield an average shear rate of 64 s −1 , beyond which the fluid is Newtonian as seen from the experiments in Fig. 8 .
Nanoparticles used in suspension were between 10 nm and 30 nm in diameter, significantly smaller than the drop size of less than 100 μm in the microdripping regime. Therefore, no clogging was observed for the flow rates used due to the presence of nanoparticles. The increase in particle concentration increases the viscosity of the suspension, inhibits the jet breakup and slows down the frequency of droplet ejection with increasing Ca as the model has shown. However, clogging occurred at lower volumetric flow rates at the tip of the capillary tube since the suspensions exhibit a pseudoplastic behavior manifesting their higher viscosity. In general, viscosity of the suspension was increased by increasing the nanoparticle concentration that dampens the growth of perturbation in the Taylor cone 31 .
Appendix electric force. The electric force on the droplet is estimated as, F Electric = Sε 0 ε r E 2 /2, where S, ε 0 , ε r , and E are the surface area of the droplet (S = 4πr 2 ), electric permittivity of vacuum, characteristic relative permittivity of each aqueous suspension, and the externally applied electric field 32 . The characteristic relative permittivity is defined as ε r = 1 + σ/(ε 0 ω) based on the Lorentz model for the interaction of electromagnetic waves in dielectric materials 32, 33 , where σ and ω are the electrical conductivity of each aqueous suspension and characteristic frequency taken as c/L where c and L are the speed of light in the air and the distance from the center of the capillary tip and the inner edge of the extractor electrode.
The applied electric field is estimated as E = E 1 + E 2 for the three-electrode system of this study, where E 1 and E 2 are the electric fields between the capillary tube and (1) the extractor electrode and (2) the collector electrode. 
